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A ﬁnite-volume model for the gas ﬂow in a compressible ﬂow driven system with two
moving components is developed and applied. In this system, high pressure and tempera-
ture compressible ﬂow propels one body along a main ﬂow channel. When this body passes
an opening in the main ﬂow channel, some of the high pressure gas bleeds off, entering a
secondary, telescoping, ﬂow channel that empties into a plenum. The bleed-off ﬂow causes
the pressure in the plenum to increase, actuating the motion of a secondary (actuated)
body that forms a bounding surface of the plenum, causing the plenum to expand and
the secondary channel to lengthen.
This model is used to characterize the basic ﬂow effects in the system and to investigate
the signiﬁcance of the system parameters. For the parameters studied, the ﬂow in the sys-
tem consists of a series of pressure pulses rather than a continuous ﬂow, with reﬂected
pressure waves playing a signiﬁcant role in the ﬂow ﬁeld development. For a given initial
pressure, changing the size of the opening and secondary ﬂow channel had a minimal
effect on the motion of the propelled body. The size of the opening and the initial high pres-
sure were found to have the greatest impact on the velocity of the secondary, actuated
moving body.
Published by Elsevier Inc.1. Introduction
A numerical analysis is conducted to characterize the gas ﬂow and resulting gas actuated component motion in the sys-
tem shown in Fig. 1. The system consists of a main ﬂow passage, a propelled body that moves along the main ﬂow passage, a
connector ﬂow channel, a telescoping secondary ﬂow path, an expanding plenum and the surroundings. The main ﬂow pas-
sage has one closed end and one end opened to the surroundings. Initially, the temperatures and pressures of the gas be-
tween the closed end of the main ﬂow passage and the upstream side of the propelled body are elevated and the high
temperature and pressure gas drives the ﬂow and component motion in the system as in Fig. 1. The gas induced forces cause
the acceleration of the propelled body along the main ﬂow passage, inducing ﬂow both ahead and behind the propelled body
in the main ﬂow path. As the propelled body proceeds along the main ﬂow path, a portion of the ﬂow is diverted into a con-
nector channel as shown in Fig. 1. The majority of the inﬂow into the connector channel occurs after the propelled object has
cleared the connector and the higher pressure gases from behind the object bleed into the connector. While the propelled
object proceeds along the main ﬂow path and enters into the surroundings, the bleed-off ﬂow stream moves into and along
the secondary ﬂow path. The secondary ﬂow path has one closed end near the bleed-off connector channel. At the opposite
end, the ﬂow empties into a plenum. As the gases ﬁll the plenum and the plenum is pressurized, the motion of a secondaryer Inc.
Nomenclature
Ap cross-sectional area of propelled moving body (m2) (Fig. 1)
Aa cross-sectional area of the actuated body and extending ﬂow channel (m2) (Fig. 1)
c connector width dimension (m) (Fig. 1)
Fpress pressure force (N) Eqs. (5) and (6)
Fres resistance force (N) Eqs. (5) and (6)
Fviscous viscous force (N) Eqs. (5) and (6)
G, Y, S turbulence parameters (Eq. (4))
h enthalpy (J/kg) (Eq. (3))
k turbulence parameter (Eq. (4))
kgas thermal conductivity of gas (W/mK) (Eq. (1))
mp mass of propelled moving body (kg)
ma mass of actuated moving body (kg)
msp mass of moving portion of secondary ﬂow channel (kg)
p pressure (Pa) (Eq. (2))
Pinit initial gas pressure acting on propelled moving body (Pa)
t time (s)
T temperature (K)
Tinit initial gas temperature acting on propelled moving body (K)
s secondary ﬂow channel width dimension (m) (Fig. 1)
v ﬂuid velocity vector (m/s) (Eqs. (1)–(3))
Vp instantaneous velocity of propelled body (m/s) (Eq. (5)) (Fig. 1)




C turbulence parameter (Eq. (4b))
q gas density (kg/m3)
s stress tensor (Eq. (2))
s0 stress tensor (Eq. (3))
x turbulence parameter (Eq. (4a))
Notations
a related to actuated body (Fig. 1a)
p related to propelled body (Fig. 1a)
ref reference or baseline values
D difference
L.A. Florio / Applied Mathematical Modelling 33 (2009) 3360–3381 3361actuated body that bounds the plenum surface commences and the plenum begins to expand (see Fig. 1). In order to main-
tain the connection between the secondary ﬂow path and the expanding plenum, the secondary ﬂow path channel tele-
scopes or elongates with the same displacement as the moving boundary of the plenum.
The focus of this work is to develop and utilize a two-dimensional planar ﬁnite-volumemodel of the heat and ﬂuid ﬂow in
this simpliﬁed system with the goal of improving the understanding of the basic ﬂow phenomenon involved. The ﬂow ﬁeld
in the system will be characterized and the basic relationships between system performance and the initial pressure used to
drive the ﬂow as well as key dimensions of the system ﬂow paths will be established. The models generated serve as the
basis for more complex three-dimensional models that can then be compared directly to experimental test data. The inves-
tigation has direct application towards the improvement of the operation and design of many gas operated small arms sys-
tems which commonly implement similar methods to drive the mechanisms used to remove cartridges and reset the
weapon after ﬁring.
1.1. Background
The gas ﬂow through small arms systems has been studied both analytically and experimentally. Typical experiments,
such as those reported by Horchler [1], record the pressures and temperatures at discrete locations near the opening, in
the connector, in the secondary ﬂow channel and in the plenum for a given gas operated weapon system as well as the veloc-
ity and displacement of the secondary actuated body motion and plenum expansion to provide information about the overall
system operation. This information provides the time variation in the expected pressures and temperatures in the system
Fig. 1. Model geometry (a) schematic and (b) moving zone layout.
3362 L.A. Florio / Applied Mathematical Modelling 33 (2009) 3360–3381and the motion of the system mechanism. The results suggested that the instantaneous jumps observed in the gas pressure
and temperature are due to reﬂected pressure waves. However, the pressure waves themselves cannot be seen nor can the
speciﬁc ﬂow features that lead to these characteristics be easily observed with typical testing equipment. In addition, the
high pressures and temperatures and small time scales involved make experimentally capturing accurate data difﬁcult.
Further detail may be obtained through analytical or numerical means. The majority of the analytical and numerical work
has not taken advantage of the advances in computational modeling. Early studies considered only axial ﬂow, many solving
for the ﬂow in the main ﬂow channel, assuming a negligible effect of the bleed-off, and then solving for the ﬂow in a smaller
secondary ﬂow channel emptying into the plenum. Goldstein [2] developed an axial ﬂow model for the main ﬂow channel
and a model for the axial ﬂow in the secondary ﬂow channel. These solutions were then used as the input to a separate model
for the quasi-steady motion of the plenum/actuated body and the ﬁnal results compared with experimental data. Spurk [3]
developed analytical/numerical techniques for axial ﬂow mainly under quasi-steady conditions to predict the ﬂow and state
of the gas in the secondary ﬂow channel and plenum and the motion of the plenum/actuated body for a simpliﬁed geometry.
To account for the bends and changes in diameter in the actual system geometry, loss coefﬁcients for ﬂow around bends and
through nozzles were required. Estimates of the bleed-off mass ﬂow rate, temperature, and pressure are needed. The model
of Spurk [3] was applied in a number of investigations performing parametric studies including the works of Werner [4],
Gerber [5], and Brousseau [6], with comparisons made to experimental data. In a recent work by Talei and Rahimian [7],
a one-directional ﬂow solution estimating the ﬂow in the main ﬂow path is then used as the initial conditions in a two-
dimensional Euler equation based solution for a system with bleed-off directly ﬁlling a chamber behind a second piston.
Such models with the separate treatment of the gas ﬂow in the main ﬂow path and ﬂow stream that bleeds off and follows
the secondary ﬂow path are limited in their ability to capture the natural development of the ﬂow into the connector or the
reverse ﬂow that was found to travel from the plenum, to the opening, and into the main ﬂow channel.
The intent of this work is to gain a better understanding of the fundamentals of the modeling techniques and gas ﬂow
phenomenon in systems with the general operation and layout given in Fig. 1, not to model the gas ﬂow through an existing
particular system. As a result, the dimensions and geometry of the system investigated are representative and simpliﬁed and
the various components of the system under investigation in the current study are similar to those used for other purposes.
For instance, turbulent ﬂows in a plenum, with application to the outlet of a nuclear reactor, have been investigated by
Markatos [8], where the ﬂow development of a stream emptying into a ﬁxed volume plenum is analyzed. The circulatory
nature of the ﬂow patterns is similar to that found when the gas stream enters the expanding plenum in this study.
In addition, the combustion processes itself is not directly modeled. The ﬂow in the system is driven by an initially high
gas temperature and pressure representative of that which could be achieved by the combustion process. Among the com-
putational investigations of the combustion process include the work of Markatos and Kirkcaldy [9] and Markatos [10].
These works involve the development of two-phase transient ﬂows and the pressure waves and ﬂame spread that occur with
the use of granular propellants. Lixing [11] discusses the theory behind models of gas-particle combustive ﬂows.
L.A. Florio / Applied Mathematical Modelling 33 (2009) 3360–3381 3363With the initially elevated pressure to drive the ﬂow, the current work directly incorporates the motion of the propelled
body and the secondary body that bounds the plenum surfaces and the telescoping elongation of the secondary ﬂow passage.
Also, the geometry used includes the appropriate bends, turns, and changes in the basic ﬂow path geometry of the actual
system. These additions to the early models, along with the use of a single model for the ﬂow in both the main ﬂow path
and the secondary ﬂow path and plenum, will improve the knowledge of the compressible ﬂow characteristics in the system
of interest.
1.2. Problem statement
In this study, the pressure, temperature, and velocity ﬁelds in the system in Fig. 1 are determined numerically. The two-
dimensional geometry used in the current study is a planar section representative of signiﬁcant components of an actual riﬂe
system with dimensions of the same order of magnitude. A high pressure and temperature, Pinit and Tinit , respectively, are
assigned throughout the ﬂuid volume in the main ﬂow channel behind the propelled body, providing the energy needed
to drive the ﬂow and the motion of the necessary components. Parametric studies are performed that vary the initial pres-
sure acting behind the moving propelled body, Pinit , the dimension of the connector ﬂow path, c, in Fig. 1b, and the dimension
of the smaller secondary ﬂow channel, s, with speciﬁc parameters given in Table 1. In addition to the instantaneous velocity
distribution, temperature distribution, and pressure ﬁeld, the instantaneous space–average pressure and ﬂow rates at key
locations in the system are recorded. These locations are the closed end of the main ﬂow channel, marked grow in
Fig. 1a, the left or upstream surface of the propelled moving body in the main ﬂow channel, the opening, the interface be-
tween the connector and the secondary ﬂow passage, the entrance into the plenum, and the bounding surface of the expand-
ing plenum. The model facilitates the investigation of the local ﬂow ﬁeld characteristics that arise and the sensitivity of the
system operation to changes in signiﬁcant system parameters.
1.3. Assumptions
1. The ﬂow in the system is driven by the compressible gases initially assigned a high temperature, Tinit , and pressure, Pinit .
No additional ﬂow drivers are used. The combustion process is not directly modeled, but the elevated temperatures and
pressures of the gas are representative of those reached during the combustion process.
2. The motion of the propelled body in the main ﬂow channel is determined by the ﬂuid pressure and viscous forces along
with a solid–solid resistance force (Eq. (5)). The body translates in the x direction with no rotation and remains rigid.
3. The ﬂuid pressure and viscous forces along with a spring resistive force are responsible for the motion of the actuated
body that bounds the plenum, the plenum expansion, and the telescoping portion of the secondary ﬂow path (Eq. (6)).
The motion of the plenum–secondary ﬂow path extension is restricted to x direction translation with no rotation withTable 1
Pressure, ﬂow rate, and velocity comparison.
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s = sref = 2.2 mm,
c = cref = 2.5 mm
Pinit = 20 MPa 2.48 4.12 4.019 2.0864 0.4338 0.2527 0.3066 359.0 1.041 0.0757
Pinit = 40 MPa 1.83 7.114 6.534 3.1045 1.179 0.3496 0.6139 501.7 1.970 0.2971
Pinit = 80 MPa 1.39 10.078 11.692 4.3242 2.701 0.393 1.1413 675.3 3.347 0.4694
Pinit = 40 MPa
sref = 2.2 mm,
cref = 2.5 mm
s = 0.8sref, c = cref 1.85 7.06 6.340 3.1124 0.928 0.3164 0.5452 502.7 1.604 0.27
s = 1.2sref, c = cref 1.84 7.07 6.520 3.1042 1.276 0.3784 0.6373 502.7 2.225 0.339
Pinit = 40 MPa
sref = 2.2 mm,
cref = 2.5 mm
c = 0.8cref, s = sref 1.92 6.662 5.844 2.4771 1.056 0.3375 0.4752 501.3 1.742 0.2864
c = 0.8cref, s = 1.2sref 1.94 6.58 5.75 2.014 1.104 0.3640 0.4913 501.5 1.946 0.2949
c = 1.2cref, s = sref 1.77 7.433 7.105 3.7394 1.197 0.3452 0.7333 501.8 2.156 0.3223
3364 L.A. Florio / Applied Mathematical Modelling 33 (2009) 3360–3381the plenum and the secondary ﬂow path remaining rigid. The connection between the secondary ﬂow channel and the
plenum is maintained because a portion of the channel elongates and translates with the secondary moving actuated
body and the plenum.
4. The k  e turbulence model is applied with the channel walls treated as smooth. Standard wall functions are
implemented.
5. Heat transfer to the moving bodies is neglected.
6. A single phase gas is the working ﬂuid in the model. The gas properties are approximated through a real gas model using
the Nobel–Abel equation of state for a calorically perfect gas [12,13]. The gas density is related to the gas temperature and
pressure through the equation of state and all other properties are assigned average values typical of the gaseous mixture
formed by the products of combustion seen in typical weapon systems as reported in Ref. [5].
1.4. Numerical formulation
Finite-volume methods are used to determine the velocity, pressure, and temperature ﬁelds in the system. The numerical
methods for high speed, high pressure, high temperature compressible gas ﬂow are described. The governing equations for
the ﬂuid are listed below:
1.4.1. Governing equations
The continuity equation isoq
ot
þ divðqvÞ ¼ 0: ð1ÞThe momentum equation isq
Dv
Dt
¼ r  sij rpþ divðqvÞ; ð2Þ
where s is the stress tensor as found in Eq. (2-19a) in [14].





þ divðkgasrTÞ þ s0ij
ov i
oxj
; ð3Þwhere s0 tensor accounts for the viscous dissipation effects as found in Eq. (2-48a) in [14].

































þ C1e ejC3eGb þ Se: ð4bÞ1.4.2. Initial conditions
The gas enclosed between the propelled moving body and the closed end of the main ﬂow passage is given an initial pres-
sure, Pinit , and an initial temperature, Tinit . The ﬂuid in all other areas is initially at rest at an ambient state. Due to the low
initial velocity, the j turbulence parameter is assigned an initial value of 0.01 with the e parameter assigned a value of 100.
1.4.3. Boundary conditions
The following boundary conditions are assigned.
The body propelled along the main ﬂow path translates in the positive x direction with a velocity, Vp, given in ﬁnite dif-
ference form byVp ¼ ðFpress þ Fviscous þ FresÞpðDt=mpÞ þ VpDt: ð5Þ
The actuatedmoving body, plenum and expanding portion of the secondary ﬂow channel translate in the negative x direction
with a velocity, Va, given in ﬁnite difference form byVa ¼ ðFpress þ Fviscous þ FresÞaðDt=maþspÞ þ VaDt : ð6ÞAt all solid–ﬂuid interfaces, insulated, no-slip boundary conditions are applied or the relative velocity of the ﬂuid is zero.
The boundaries of the ﬂow domain investigated are situated far from the active ﬂow area, a minimum of 20 main ﬂow
passage diameters from the area main ﬂow passage, so a pressure outlet boundary condition with an ambient pressure
is assigned. The turbulence intensity is assigned a value of 3% and the turbulence length scale is assigned a value of
3 mm at this outﬂow.
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The numerical solutions were generated using a commercially available ﬁnite-volume computational ﬂuid ﬂow and heat
transfer package, FLUENT, version 6.3.26 [16] with all geometry generation and meshing performed using GAMBIT. The
basis of the ﬁnite volume computational method lies in the work of Patankar [17] with the basic scheme modiﬁed and im-
proved over time [18–21]. The k  e realizable turbulence model is used with standard wall functions with further details
available in Refs. [15,16,22,23].
The current system operates with a compressible gas with a Nobel–Abel equation of state [12,13]. The numerical mod-
eling of compressible ﬂow has been well studied [19–21,24]. In the current model, the full form of the Navier–Stokes equa-
tions is solved. The k  e turbulence model includes the ‘‘dilatation dissipation” effects as proposed by Wilcox [25] and Sakar
and Balakrishnan [26].
A density based(explicit) solver with explicit time discretization is employed for this compressible ﬂow problem. With
the version of FLUENT utilized, the density based–explicit solvers are required in order to be able to use the user-deﬁned
real gas model. The real gas model is necessary due to the high gas pressures involved in the system investigated. While the
implicit time discretization could handle larger time steps, the explicit time discretization proved more efﬁcient. The itera-
tions per time step required for convergence of one time step for the implicit method required more computational run time
to cover the same time period requiring multiple time steps using the explicit solution method.
Second order discretization was used with the advection upstream splitting method (AUSM) [27] convective ﬂux model
and cell based gradients. The convective ﬂux scheme is used to reduce the effects and potential for false diffusion. False dif-
fusion was discussed in Patankar [17], Patel and Markatos [28], Raithby [29], and Davis et al. [13]. The AUSM ﬂux model,
developed by Liou and Steffen [27], improves the accuracy of the solution [19] with an upwind based splitting convective
velocity and a separate splitting method for the pressure terms.
The maximum Courant number is 0.3. This produced time steps ranging from 1.0E09 to 8.0E08 s. Smaller time steps
and lower Courant numbers were required to maintain convergence at the start-up of the simulation and as the propelled
body exits into the surroundings as the shock waves form and the ﬂow becomes more complex. Relaxation factors of 0.8
were used for the k and e solution. Normalized residuals were checked to ensure they were under 5e03 for convergence.
The simulations were run on a single Pentium IV processor. The total run time required from the start of the simulation to
the time the plenum has expanded by 6 mm is approximately 1 week, but it varied depending on the initial pressure and the
sizes of the ﬂow paths involved in the parametric studies.
Grid sensitivity studies were conducted to ensure grid independence of the solution. The attainment of a grid indepen-
dent solution was deﬁned to be reached when the peak pressure and the peak mass ﬂow rate at the entrance to the plenum
and the entrance to the connector differed by under 0.50% from the baseline case. The ﬁnal grid has 20 nodes across the ﬂow
path width, with the distribution graded for higher node density near the walls of the ﬂow channel. Approximately 300
nodes were placed along the length of the main ﬂow channel and the secondary ﬂow channel. Together with the area in
the surroundings, the ﬁnal mesh involved 175,000 cells, with the number of cells increasing with the motion of the propelled
body and the expansion of the plenum. This grid was arrived at ﬁrst using 10 and 15 nodes across the ﬂow paths and by
doubling the number of nodes along the length successively. Then the gradient of the node spacing near the wall was altered
to ensure that the solution did not depend on the grid spacing near the wall.
Several user-deﬁned subroutines were developed to tailor the generalized numerical tool to the speciﬁc needs of this
study. These subroutines calculate the forces acting on the two moving components and specify the velocity and displace-
ment of these components and the surrounding mesh. Subroutines are also used to assign the gas properties based on the
real gas model and to control the output of selected data.
The one-directional translational motions of the propelled and actuated bodies are modeled using the ‘‘dynamic layering”
moving mesh technique of FLUENT (see [15] for further information). To model the motion of the propelled body in the
main ﬂow path, the ﬂuid zone labeled propel in Fig. 1b translates as a rigid body in the positive x direction with the velocity,
Vp. Grid layers are added at the surface indicated by grow in Fig. 1b, and subtracted at the surface labeled end to maintain the
total volume or length of the ﬂuid zone propel. A sliding interface between the translating zone called propel and the ﬁxed
ﬂuid zone facilitates the proper communication between these zones.
The expansion of the plenum volume, the motion of the mass forming the plenum boundary, and the elongating portion
of the secondary ﬂow channel are modeled in a slightly different manner because the total volume of these zones is increas-
ing. The ﬂuid zone called actuate is given a rigid body translation in the negative x direction with the velocity Va. The plenum
expansion is modeled by adding layers of grid at the back, or ﬁxed, surface of the plenummarked expand in Fig. 1b. The elon-
gation of the secondary ﬂow channel is accomplished by adding grid layers within the secondary channel at the location la-
beled extend in Fig. 1b.2. Results
The results of this study show that for the parameter cases investigated, the overall ﬂow effects are similar. The timing of
the events and magnitudes of the pressures, ﬂow rates, and velocities involved are signiﬁcantly affected by the parameter
values. The parameter cases are listed in Table 1 along with a summary of signiﬁcant pressure, ﬂow rate, and actuated body
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pared in Figs. 2–5. Typical velocity and pressure distribution results are given in the velocity vector and pressure contour
plots in Figs. 6–8. Typical temperature contours are provided in Fig. 9. The discussion of results that follows provides a sum-
mary of the ﬂow characteristics observed and an explanation of the effect of the initial driving pressure and the dimensional
parameters.
2.1. Flow patterns during system operation
2.1.1. Propulsion of body along main ﬂow channel and initial bleed-off pulse
The operation of the system begins as the body in the main ﬂow channel in Fig. 1a is accelerated in the positive x direction
by the high pressure ﬂuid at Pinit and Tinit acting behind it. For the cases considered, the velocities of this propelled body as a
function of time are provided in Fig. 2. The accelerating body induces ﬂuid ﬂow in the main ﬂow channel. As the velocity of
the propelled body and the nearby ﬂuid increases, the pressure, temperature, and velocity also rise in a growing zone ahead
of the propelled body due to the compressible ﬂow effects (see Figs. 6a, 8a, and 9a).
The ﬁrst ﬂow stream to enter the opening originates from the column of gas ahead of the propelled body. A portion of this
ﬂow is diverted into the opening, travels into the connector ﬂow path and then into the smaller, secondary ﬂow path that
ends at the plenum. Figs. 6a, 8a, and 9a show the ﬂow ahead of the moving propelled body entering the opening and con-
nector and the elevated temperatures that develop in the connector region. (Note the ‘‘empty” area in the main ﬂow passage
indicates the propelled body.)
The initial pulse of opening inﬂow is marked by the sharp increase in the opening ﬂow rate from zero and by the steep rise
in the pressure at the opening as are clear in Fig. 3. As the ﬂow turns around the lower left corner of the connector wall to
enter the connector, a low velocity zone with a counter-clockwise circulation develops marked region a in Fig. 6a. The higher
velocity ﬂow stream is restricted to the right side of the connector passage.
The opening ﬂow pulse proceeds to the secondary ﬂow passage. As the ﬂow area expands upon exit from the connector, a
pair of circulations then form at the entrance into the secondary ﬂow path; one counter-clockwise and smaller to the left side
of the connector, marked by b in Fig. 6a, and a larger clockwise zone to the right, marked by c. For the parameters and geom-
etry selected, the inﬂow commences at times ranging between 0.11 ms for Pinit = 80 MPa and 0.195 ms for Pinit = 20 MPa with
the interval from the start of the inﬂow to the peak opening ﬂow on the order of 1 ls.
2.1.2. Propelled body covers opening
As the propelled body proceeds along the main ﬂow path, it eventually closes off the opening, momentarily stopping the
opening inﬂow. While the majority of the ﬂow in the secondary ﬂow path continues to move towards the plenum, some of
the ﬂuid close to the connector, particularly that in the ﬁxed extended portion of the secondary ﬂow path to the right of the
connector, and some of the ﬂow within the connector itself, changes direction and starts to move towards the opening
(Fig. 6b). The high pressure area that develops in the closed extension portion of the secondary ﬂow path to the right of
the connector appears to be an important driver of this reversed ﬂow as shown in Fig. 8b. The reversed ﬂow dissipates
the circulation zone to the left of the connector, comparing area b, in Fig. 6a and b, and eventually the circulation zone toFig. 2. Velocity of the propelled body as a function of time.
Fig. 3. Conditions at the opening as a function of time. (a) Opening pressure – varying Pinit, (b) opening ﬂow rate varying Pinit, (c) Opening pressure –
varying c, (d) opening ﬂow rate varying c, (e) opening pressure – varying s, and (f) opening ﬂow rate – varying s.
L.A. Florio / Applied Mathematical Modelling 33 (2009) 3360–3381 3367the right, comparing area c in Fig. 6a and b. The original circulation, zone a, in Fig. 6a also dissipates with time. A low velocity
zone develops near region d in Fig. 6b as a result of the oppositely directed ﬂows where eventually a new circulation zone
will form. The time during this inﬂow stoppage as the propelled body passes over the opening is identiﬁed by the sharp drop
in the pressure and ﬂow rate at the opening in Fig. 3, with the time interval from the peak to minimum pressure/ﬂow rate on
the order of 10 ls for the parameters and geometry selected.
2.1.3. Second pulse as object clears opening
As the end of the propelled body clears the opening, a second pulse of higher pressure ﬂuid enters the connector through
the opening, seen as the second spike in the pressure and ﬂow rate in Fig. 3. For the parameters of the current study, the peak
in the mass ﬂow rate and pressure at the opening during the secondary incoming pulse occurs between 0.182 ms from the
model start time for the Pinit = 80 MPa case and 0.282 ms for Pinit = 20 MPa.
As the secondary pulse is sending ﬂuid into the connector, ﬂuid is still leaving the right closed extended end of the sec-
ondary ﬂow path, entering the connector and moving towards the opening, oppositely directed from this incoming second-
Fig. 4. Conditions at the opening as a function of time. (a) Plenum pressure – varying Pinit, (b) plenum entrance ﬂow rate varying Pinit, (c) plenum pressure –
varying c, (d) plenum entrance ﬂow rate varying c, (e) plenum pressure – varying s, and (f) plenum entrance ﬂow rate – varying s.
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Fig. 6b, at the upper right corner of the connector. The inﬂow begins to overtake the weaker reversed ﬂow as the pressure
at the opening area builds as seen in Fig. 8c. The redevelopment of the circulation zone in area a in Fig. 6b is observed as the
inﬂow continues. This circulation at zone a grows in size, eventually extending nearly the entire length of the connector and
becoming elliptical in shape (Fig. 6c). A strong ﬂuid stream is carried into the opening along the right side of the connector,
with a weaker ﬂow wrapping around the left side of the circulation bringing ﬂuid towards the opening in the main ﬂow
channel. Over time, the ﬂow stream running along the right surface of the connector carrying ﬂuid into the connector dis-
sipates the circulation zone that forms near area d in Fig. 6b. As the secondary pulse then moves into the secondary ﬂow
path, circulation zones at areas b and c in Fig. 6c, develop similar to those with the initial ﬂuid pulse. The second pressure
pulse then proceeds along the secondary ﬂow path.
The higher temperature zone that spreads through the connector and into the secondary ﬂow passage with the secondary
ﬂow pulse is clearly seen in Fig. 9b. As the gas begins to move along the secondary ﬂow path, a distinctive lower temperature
region marks the ‘‘front” of the initial ﬂow stream moving in the secondary ﬂow path while the hotter gas stream marks the
secondary ﬂow stream moving in the connector (see Fig. 9a and b).
Fig. 5. Plenum velocity (a) Pinit cases (b) c and s cases.
L.A. Florio / Applied Mathematical Modelling 33 (2009) 3360–3381 3369The peak values for the pressure and ﬂow rate are lower than those for the initial pulse of high speed ﬂuid entering the
opening. The decrease may be related to the now elevated temperatures and pressures of the ﬂuid contained within the con-
nector and nearby secondary ﬂow channel (Figs. 8a, 9b), compared with the ambient conditions when the ﬁrst ‘‘pulse” of
high speed ﬂuid entered the connector. In addition, the ﬂuid within the connector is no longer at rest and some ﬂow is actu-
ally moving in opposition to the incoming ﬂow (Fig. 6b). Despite the lower values, the inﬂow is sustained for a longer period
of time than the initial pulse, allowing for a greater net ﬂuid ﬂow into the connector and along the smaller secondary ﬂow
passage and a greater inﬂuence on the system operation. For the parameters studied, the extreme durations of the inﬂow
occur from a time of 0.263 to 0.854 ms for the case of Pinit = 20 MPa and from a time of 0.146 to 0.938 ms for Pinit = 80 MPa.
In addition, the peak inﬂow through the opening is no more than 5% of the total ﬂow rate in the main ﬂow path behind the
propelled body when it has just passed the bleed-off opening (Table 1). For a set initial pressure, Pinit , changes in the dimen-
sional parameters and corresponding bleed-off rates have little impact on the motion of the propelled object which is essen-
tially driven by the expanding compressible gas (Fig. 2).
2.1.4. Oscillations in inﬂow into opening
Since a ﬁxed amount of ﬂuid is contained in the main ﬂow path, connector, secondary ﬂow path, and plenum, as time
proceeds and more ﬂuid has moved into the opening and along the secondary ﬂow path, the pressure differences in the main
ﬂow channel, connector, and nearby secondary ﬂow channel area begin to decrease (Fig. 8c), prompting a drop in the ﬂow
Fig. 6. Typical velocity vectors near opening, Pinit = 40 MPa case s = sref, c = cref. (a) t = 0.167 ms, (b) t = 0.184 ms, (c) t = 0.211 ms, (d) t = 0.988 ms, and (e)
t = 1.21 ms.
3370 L.A. Florio / Applied Mathematical Modelling 33 (2009) 3360–3381rate through the opening as in Fig. 3. Some ﬂuctuation in the mass ﬂow rate through the opening occurs after this decrease,
attributable to the pressure differences in the area, especially after the propelled body has left the main ﬂow path (Fig. 3b, d,
Fig. 6. (continued)
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velocities elsewhere in the main ﬂow channel. A low pressure zone then develops in the main ﬂow channel at the opening
area, Fig. 8d. The high pressure gas that remains at the closed end of the main ﬂow path, labeled ‘‘grow”, prompts an increase
in the inﬂow into the opening. The time at which the incoming ﬂow rate again experiences an increase in value ranges be-
tween 0.324 and 0.494 ms from the start of the simulation for the parameters and geometry selected, clearly seen in Fig. 3b
for the Pinit = 40 and 80 MPa cases, with a weaker effect for Pinit = 20 MPa.
As the pressure differences in the main ﬂow path drop with the increased ﬂow, eventually so too does the inﬂow into the
opening. The ﬂow into the opening then remains low for some time (Fig. 6d). The main circulation in the connector, area a, in
Fig. 6c grows even larger as the pressure differences and ﬂow velocities decrease and encompasses nearly all of the connec-
tor. With slower circulation speeds, this pattern leaves two oppositely directed low velocity ﬂow streams running along each
of the connector walls.
2.1.5. Secondary pressure pulse overtakes ﬁrst
While the major secondary pressure pulse enters the opening and oscillates in strength or intensity, the initial pressure
pulse has been traveling along the secondary ﬂow path towards the plenum (Fig. 8c). However, with time, the longer dura-
tion secondary pressure wave moves along the smaller ﬂow channel and typically overtakes the initial pulse (Fig. 8c).
The ﬂow continues to move along the secondary ﬂow path as seen in Figs. 8d and 9d. While the higher pressures remain
near the ‘‘front” of the high velocity ﬂow moving along the secondary ﬂow passage, a region of elevated, yet lower than peak
temperatures grows at the ‘‘front” of the pressure wave moving along the secondary ﬂow passage. The size of this lower ele-
vated temperature region increases with time. The enlargement of this lower temperature region may be due to energy
Fig. 7. Typical velocity vectors near plenum Pinit = 40 MPa case s = sref, c = cref case. (a) t = 0.6197 ms, (b) t = 0.629 ms, (c) t = 0.648 ms, (d) t = 0.667 ms, and
(e) t = 1.41 ms.
3372 L.A. Florio / Applied Mathematical Modelling 33 (2009) 3360–3381losses as the gas heats the ﬂuid in the secondary ﬂow passage that was originally at a lower temperature. These effects can be
seen in Fig. 9b–d.
2.1.6. Pressure pulse reaches the plenum
For the system parameters studied, the high pressure pulse reaches the plenum area at times between 0.500 and
0.700 ms. The pressure pulse ﬁrst impinges on the portion of the secondary ﬂow passage perpendicular to the axial ﬂow
Fig. 7. (continued)
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near the plenum in Fig. 8e and sending a pressure pulse back along the secondary ﬂow channel towards the opening. The incom-
ing pressure pulse then proceeds into the plenum itself. Upon entering the larger cross-sectional area of the plenum, the gas
stream expands (Fig. 7a). The pressure pulse reﬂects off the lower surface of the plenum, causing a high pressure zone to rise
upward in the plenum (the reddened area in the plenum in Fig. 8e). As the high pressure stream reaches the plenum, the tem-
peratures of the gas contained within the plenum begin to rise as well as in Fig. 9e. This phase in the system operation is marked
by a steep rise in the magnitude of the ﬂow rate moving into the plenum as in Fig. 4b, d, and f (note inﬂow to plenum takes a
negative value) as well as a rapid increase in the pressure in the plenum in Fig. 4a, c, and e.
2.1.7. Plenum becomes pressurized and begins to expand
As the ﬂuid continues to move into the plenum, circulation zones develop with a clockwise zone marked a in Fig. 7b, a
counter-clockwise zone at the area marked b and later a clockwise rotation at zone c in Fig. 7c. These circulations tend to
block the ﬂow from entering the plenum, and a decrease in the magnitude of the inﬂow (Fig. 4b, d, and f) into the plenum1 For interpretation of color in Figs. 1–9, the reader is referred to the web version of this article.
Fig. 8. Typical pressure contours Pinit = 40 MPa case s = sref, c = cref case. (a) t = 0.1 s, (b) t = 0.1793 ms, (c) t = 1.992 ms, (d) t = 0.410 ms, (e) t = 0.648 ms,
(f) t = 0.908 ms, and (g) t = 1.35 ms.
3374 L.A. Florio / Applied Mathematical Modelling 33 (2009) 3360–3381ensues. The general type of circulating ﬂow during this stage in the system operation resembles the vector plots in Ref. [8],
which studied the gas stream emptying into a plenum.
Fig. 8. (continued)
L.A. Florio / Applied Mathematical Modelling 33 (2009) 3360–3381 3375A more rapid decrease in the magnitude of the inﬂow, indicated by the steeper slope of the mass ﬂow rate curves, occurs
when one of the circulation areas begins to enter the small ﬂow path connected to the plenum (Fig. 7d). As the reduced in-
ﬂow into the plenum continues, the ﬂuid velocities decrease, the gas expands, and the pressure in the plenum increases. The
high pressure zone that began at the bottom of the plenum and was rising within the plenum then proceeds towards the
Fig. 8. (continued)
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tion from the secondary ﬂow path area described earlier (Fig. 8e and f).
As more of the higher pressure, temperature, and velocity gas streammoves into the plenum and the velocity of the gases
within the plenum decreases as in Fig. 9e, elevated temperatures are observed within the plenum. The areas of high pressure
where the reﬂected pressure waves appeared also have slightly elevated temperatures as seen in the yellow colored area
with green contours to both sides in the vicinity of the plenum.
The increasing pressure in the plenum results in higher forces acting on the actuated body bounding the plenum. When
the pressure force surpasses any resistance forces (Eq. (6)), the motion of the actuated body starts and the expansion of the
plenum commences. For the conditions studied, the expansion begins approximately 50 ls after the ﬂuid pulse reaches the
plenum. The start-up of the motion of the plenum appears to be synchronized with the slight increase in the incoming ﬂow
rate as seen in Fig. 4b, d, and f, likely a result of the momentum effects as the plenum begins to expand, the position of the
circulation zone in the nearby secondary ﬂow path changes as the circulations dissipate, and the ﬂuid in the plenum comes
to rest. The start-up of the expansion is also observed as the small disturbance in the plenum pressure plots in Fig. 4a, c, and
e. The velocity and displacement of the plenum are provided in Fig. 5.
Even after the actuated body begins to move and the volume of the plenum increases, the pressure in the plenum con-
tinues to increase until the incoming ﬂow diminishes, the circulations dissipate, and the ﬂuid comes to rest, so that the ﬂuid
is essentially carried along with the expanding plenum (Figs. 4a, c, e and 7e). For the parameters investigated, the maximum
plenum pressure occurs at times from 0.624 to 0.934 ms.
2.1.8. Pressure in plenum begins to decrease
With the increase in the volume of the plenum as the bounding actuated body begins to move and with the pressure dif-
ference driven outﬂow from the plenum to the secondary ﬂow path that develops between the higher pressure gases in the
plenum and the lower pressure gas further along the secondary ﬂow path, the pressure in the plenum starts to decrease
(Fig. 8f). As time proceeds, this results in a decrease in the pressure differences between the plenum and the small ﬂow pas-
sage and a decrease in the rate of outﬂow.
The increasing plenum volume also results in a decrease in the temperatures of the gases contained within the plenum.
The expanded plenum and the lower gas temperatures are clearly seen in Fig. 9f and g. The temperatures within the plenum
and the lower temperature gas zone that appears to be moving back towards the connection become more uniform with
time. The size of the low temperature zone that is moving towards the connector end of the secondary ﬂow channel is grow-
ing, as the returning pressure wave is carrying the lower temperature gas back to the connector and main ﬂow path.
In all cases, at some point, the pressure in the plenum becomes lower than that in the nearby connected small secondary
ﬂow passage (Fig. 8f), prompting noticeable inﬂow into the plenum (Fig. 4b, d, and f). As the inﬂow equalizes the pressures in
the plenum entrance area, a slight rise in the plenum pressures is visible in Fig. 4a, c, e. Similar effects cause the remaining,
though less signiﬁcant, plenum pressure oscillations.
With continued expansion of the plenum, all pressures in the plenum for times greater than about 1 ms follow nearly the
same curve as seen in Fig. 4, likely due to the large increase in the plenum volume and the reduced inﬂuence of the initial
pressures and smaller ﬂow path geometry. The Pinit = 80 MPa case is an exception as a relatively high pressure is maintained
in the plenum. For this case, the reﬂection of the returning pressure wave off of the closed end of the secondary ﬂow path
Fig. 9. Typical temperature contours Pinit = 40 MPa case s = sref, c = cref case. (a) t = 0.164 ms, (b) t = 0.206 ms, (c) t = 0.338 ms, (d) t = 0.551 ms,
(e) t = 0.864 ms, (f) t = 1.255 ms, and (g) t = 1.705 ms.
L.A. Florio / Applied Mathematical Modelling 33 (2009) 3360–3381 3377above the opening is strong enough to send signiﬁcant ﬂow back along the secondary ﬂow path, causing the additional in-
ﬂow into the plenum seen in Fig. 4d, and the retention of the higher pressures.
Fig. 9. (continued)
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In the current study, the pressure wave traveling back along the secondary ﬂow path arrives at the connector region be-
tween 0.981 and 1.38 ms for the parameters and geometry selected. A small portion of the reﬂected pressure wave reﬂects
off of the closed end of the secondary ﬂow path extending to the right of the connector, sending a weaker pressure pulse
Fig. 9. (continued)
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Fig. 6e. For the conditions tested, the sudden negative mass ﬂow rate at the opening in Fig. 3 between times of 1.00 and
1.40 ms is an indicator of the reversed opening ﬂow.
The majority of the ﬂuid ﬂow proceeds from the opening towards the open end of the main ﬂow passage due to the high
pressures at the closed end of the main ﬂow passage. However, a strong pressure wave is observed moving upstream in the
main ﬂow path to the ﬁxed end of the main ﬂow passage, labeled grow, simultaneously with a weaker wave moving down-
stream along the main ﬂow channel. This stronger wave reﬂects off of the ﬁxed surface of the main ﬂow channel marked
grow (Fig. 8g), sending a weaker pressure wave towards the opening. The ﬂow rate through the opening and the pressure
at the opening diminish as the pressure differences in the opening region decrease (Fig. 3).
2.2. Variation of system parameters
This work brieﬂy investigates the impact of the initial pressure acting behind the propelled body, Pinit , the connector
dimension marked c in Fig. 1a, and the small secondary ﬂow channel dimension marked s in Fig. 1a. The system parameters
govern the mass ﬂow rate through the opening, the pressure level at the opening, the time required for the main pressure
pulse to reach the plenum, the mass ﬂow rate into and out of the plenum, the pressure rise in the plenum, the velocity of the
plenum and the strength and movement of the pressure reﬂections. The results of this investigation indicate that the Pinit and
c connector dimension values have the greatest inﬂuence on the ﬂow rate through the opening and thus the operation of the
system (i.e. the velocity of the plenum expansion or actuated body). Pinit affects the pressure differences at the opening area
directly, while the c dimension controls the ﬂow area available for bleed-off. The dimension of the secondary ﬂow passage, s,
inﬂuences the ﬂow rate along the secondary path and thus the time required for the ﬂuid to travel to the plenum (or in re-
verse), and the ﬂuid velocities and pressures that enter the plenum. Some information is tabulated in Table 1 and Figs. 2–5
illustrate the signiﬁcant trends.
2.2.1. Initial pressure, Pinit
The initial pressure and temperature assigned to the ﬂuid behind the propelled body are responsible for driving the com-
pressible ﬂow mechanism. To investigate the effect of the initial pressure, the system was modeled with Pinit at a baseline of
40 MPa, and then half and double this value at 20 and 80 MPa, respectively. The connector width of cref and the secondary
ﬂow channel width of sref were maintained. The higher initial pressure value, holding all other parameters constant, resulted
in an increase in the pressure difference across the opening after the propelled body passes the opening. Thus, the mass ﬂow
rate through the opening and the peak pressure at the opening location are higher for the larger initial pressure (Fig. 3a and
b). As a result, the pulse of high pressure ﬂuid ﬂow moving along the secondary ﬂow channel reaches the plenum location
faster and with a higher pressure (Fig. 4a and b) and velocity than for a lower initial pressure case. This leads to a more rapid
rise in the plenum pressure, and, thus, a faster plenum expansion (Fig. 5a). Also, with the higher initial pressure, the reﬂected
pressure waves from the end of the secondary ﬂow passage and plenum are stronger and can reach the opening as well as the
closed end of the main ﬂow passage, marked grow in Fig. 1b, before being re-reﬂected towards the opening. Signiﬁcant
reﬂections may also occur at the ﬁxed, closed end of the secondary ﬂow channel.
In comparison to the conditions that occur for the baseline initial pressure, the results indicate more signiﬁcant changes
for the higher initial pressure case than for the lower pressure case as illustrated in Figs. 3–5 and in Table 1. Halving the ini-
tial pressure produced a nearly 32% decrease in the maximum ﬂow into the opening compared to that for the baseline initial
3380 L.A. Florio / Applied Mathematical Modelling 33 (2009) 3360–3381pressure, a 50% decrease in the maximum ﬂow rate into the plenum, and a 38% lower maximum cavity pressure. The velocity
of the actuated body at 6 mm actuated body displacement was 42% lower than at the 40 MPa initial pressure and required
35% more time to reach this displacement.
By doubling the initial pressure to 80 MPa, a 39% rise in the peak opening ﬂow relative to that for the baseline initial pres-
sure case was achieved, with a 70% increase in the maximum plenum inﬂow and a 79% increase in the peak plenum pressure.
The velocity of the actuated body at 6 mm of travel was 41% higher than for the baseline Pinit case, reached 24% faster.2.2.2. Connector dimension, c
The dimension of the connector width, c, sets the area of the opening in the main ﬂow path and thus directly inﬂuences
the amount of ﬂuid that enters the connector. Connector dimensions of 20% lower and 20% higher than the baseline value,
cref , of 2.5 mm were selected to examine the inﬂuence on the conditions in the system. The larger the connector dimension,
the larger the opening in the main ﬂow path, the greater the inﬂow rate through the opening for the same pressure condi-
tions (Fig. 3c and d, Table 1). Hence, the high pressure wave reaches the plenum more swiftly, leading to a more rapid rise in
the pressure in the plenum (Fig. 4c and d) and a faster expansion of the plenum to the same total displacement compared to
the conditions for the smaller connector dimension (Fig. 5b).
For the 20% larger connector dimension, the peak opening mass ﬂow rate was about 20% higher than with the baseline c
value and the peak mass ﬂow into the plenumwas about 10% higher than with the baseline. The peak pressure in the plenum
is about 9% higher with the larger opening dimension. This results in a 4% faster actuated body velocity at 6 mm of displace-
ment. The 20% decrease in the connector dimension, which constricts the ﬂow entering and exiting the opening, resulted in a
20% decrease in the maximum opening ﬂow from that for the baseline c parameter, a 11.5% decrease in the maximum ﬂow
rate into the plenum, a 10.5% decrease in the peak plenum pressure and a 6.3% decrease in the velocity of the actuated body
at the time of a 6 mm actuated body displacement (Table 1).2.2.3. Secondary ﬂow channel dimension, s
The dimension of the secondary ﬂow passage width, s, inﬂuences mainly the ﬂow velocities and ﬂow rate along the sec-
ondary ﬂow channel (Fig. 1). This dimension has little inﬂuence on the amount of opening ﬂow as the opening ﬂow depends
heavily upon the pressure differences in the opening area and the dimension of the connector or opening (Fig. 3e and f). To
test the sensitivity of the conditions in the system to changes in the secondary ﬂow passage dimension, s, models were gen-
erated with ﬂow passage dimensions 20% higher and 20% lower than the baseline or reference value, sref , of 2.2 mm.
A 20% lower secondary ﬂow passage dimension produced less than a 1% change in the opening ﬂow rate (Fig. 3e and f)
during the ﬁrst pulse compared to that with the baseline s, but led to an 18% decrease in the maximum ﬂow into the plenum,
a 3% decrease in the maximum pressure in the plenum (Fig. 4e and f) and a 1% decrease in the velocity of the actuated body at
6 mm displacement as the rate of outﬂow from the plenum was also reduced (Fig. 5b). A 20% higher secondary ﬂow passage
dimension changed the maximum opening ﬂow rate by under 2% from that with the baseline s value. The maximum rate of
inﬂow into the plenum increased by 13% with the larger s dimension, but the returning outﬂow occurred sooner and at a
higher rate resulting in less than a 1% change in the peak pressure in the plenum or in the body velocity at 6 mm actuated
body displacement. Figs. 3e, f and 4e, f show that for times greater than 1.25 ms, the variation in s has a minimal effect on the
peak pressures in the plenum.
To further test the inﬂuence of the small ﬂow passage dimension, s, a model was made with the smaller connector dimen-
sion 20% lower than the baseline c, and an s value 20% higher than its baseline. Consistent trends were found. Compared to
the results for 20% the lower connector dimension, c, with the baseline s size, the change in the maximum ﬂow rate through
the opening was under 1%, with a 11% increase in the maximum ﬂow rate through the plenum, a 1.5% decrease in the max-
imum pressure in the plenum, and a 1.2% decrease in the actuated body velocity at 6 mm displacement. Hence, for the con-
ditions considered, while the secondary small ﬂow channel dimension inﬂuences the ﬂow rates entering and exiting the
plenum, the effect on the system operation is not signiﬁcant (see Fig. 5b).3. Conclusions
A numerical model for the gas ﬂow in a compressible gas-driven system was developed that directly incorporates the ef-
fects of the moving components. The gas ﬂow in the system takes the form of a series of pulses of the high pressure, high
temperature, and high velocity gases rather than a sustained ﬂow. At the bleed-off position, an initial high speed ﬂow is
forced through the opening ahead of the compressible ﬂow propelled body. Another pulse occurs after the propelled body
passes over the opening which varies with the pressure difference in the opening area. The secondary pressure pulse is sus-
tained over a longer period of time, overtakes the initial pulse and proceeds to the plenum. The pressure wave reﬂects from
the surface of the secondary ﬂow path, and a second wave reﬂects from within the plenum as the pressure in the plenum
builds. In most cases, the pressure wave returning from the plenum passes through the opening and moves into the main
ﬂow channel. Less signiﬁcant pressure waves travel back and forth along the secondary ﬂow channel and in the main ﬂow
channel. These reﬂecting waves are inherent in the bleed-off of the gas from one ﬂow channel with a closed end to essen-
tially a closed ﬂow path with an expanding volume.
L.A. Florio / Applied Mathematical Modelling 33 (2009) 3360–3381 3381The pressure behind the moving object in the main ﬂow path and the sizing of the bleed-off area appear to have the great-
est impact on the operation of the mechanism, though the secondary ﬂow channel dimension does inﬂuence the pressure
build-up and timing of events at the plenum. A 100% increase in the initial pressure produced a 79% increase in the peak
plenum pressure, and a 41% increase in the velocity of the actuated body at 6 mm of displacement. A 20% increase in the
dimension of the connector, bleed-off ﬂow path, produced a 10% rise in the maximum plenum pressure and a 4% rise in
the velocity of the actuated body at 6 mm displacement. A 20% larger secondary ﬂow path dimension produced under a
1% change in the peak pressure in the plenum and under a 0.5% change in velocity of the actuated body at 6 mm of displace-
ment, though the timing of events was altered.
The results indicate that the reﬂections may be controlled through the magnitude of the pressures as well as the system
geometry. Changes in not only the dimensions, but the topology or layout of the ﬂow paths can be used to direct the pressure
reﬂections along certain paths, perhaps keeping them from producing negative effects on certain mechanism components
and reducing the loading on systems when the gas ﬂow in the system no longer serves a useful purpose.
The two-dimensional model has yielded information on the basic phenomenon expected in this type of system. The study
serves as the foundation for developing more complex models with more realistic three dimensional geometries. These mod-
els can then provide insight into the gas ﬂow characteristics that cannot be gained from typical physical testing.
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